Background: Survival patterns after HIV infection in African populations in the era before antiretroviral therapy (ART) form an important baseline for measuring future successes of treatment programmes. Few studies have followed seroconverters for 10 or more years to describe such patterns.
Background
HIV/AIDS has had a devastating impact on mortality in Africa, which in 2006 experienced 2.1 million of the 2.9 million deaths attributed to AIDS worldwide [1] . HIV is currently estimated to account for between 35 and 75% of deaths of adults in the prime productive ages in east African populations [2, 3] . It is, however, not easy to obtain accurate information on HIV-related mortality patterns in Africa, because most affected countries lack vital registration data that reliably record the cause of death. HIV cohort studies have an important role to play in this respect, as their ability to measure HIV incidence and the survival of infected individuals allows analysts to make better use of the widely available data on national HIV prevalence trends [4] .
The most informative comparative measures of HIVrelated mortality are based on life table estimates of survival after infection, obtained by follow-up of known seroconverters [2] . Survival patterns after HIV infection before the introduction of antiretrovitral therapy (ART) also form an important baseline for measuring the future success of treatment programmes. Previously published survival estimates in African populations suggested median times from infection to death ranging from 5 years (commercial sex workers in Nairobi [5] ) to 9.8 years (community study in Masaka district, Uganda [6] ). These estimates are lower than the average of 10.5 years observed in studies of infected individuals in high income countries [7] .
The Kisesa open cohort is one of three ongoing African community-based studies that have followed seroconverters for 10 or more years [8, 9] . The study is located in northwest Tanzania, approximately 20 km east of the regional capital Mwanza (Tanzania's second city), along the main road to Kenya. It has collected data on demographic change (20 rounds) and serological status (four rounds) since 1994, as described in several earlier publications [10, 11] .
By 2005, shortly before ART became available in the area, Kisesa ward had a population of approximately 27 000, living in six villages, categorized geographically as 'remote rural areas' and 'roadside areas', the latter including an urbanized trading centre. The majority of residents are from the Sukuma tribe, the largest ethnic group in Tanzania. Economic activities revolve around farming, and petty trade of agricultural products. Per capita income in 2004 was estimated to be less than US$120 per year [12, 13] .
This paper presents estimates of survival in the Kisesa cohort study, using fitted Weibull models to extend direct estimates as necessary.
Methods
Fieldwork and laboratory methods Demographic surveillance was carried out during household surveys, at approximately half-yearly intervals, in which village-based enumerators collected information on births, deaths and household movements. Proxy information was accepted from the head of household or other competent adult, and respondents' estimates of the date of death were accepted if they lay between the demographic round at which the death was first reported, and the date of the previous round at which the subject was known to be alive and resident in the household. For reported dates of death lying outside of these intervals, and for unknown dates of death, a date halfway between household interviews was used. To examine the relationship between mortality and migration out of the study area, in the last round of demographic surveillance (round 20 in 2006) information was also obtained on the survival status (alive or dead) and date of death for respondents who had moved out of the household at an earlier round.
Epidemiological serosurveys were carried out in 1994/ 1995, 1996/1997, 1999/2000 and 2003/2004 in special village survey centres, to which eligible respondents (permanent residents aged 15 years and over) were invited. Study participants gave verbal consent for interview and consent for their blood to be tested for HIV on the understanding that the results would not be disclosed to them, and would not be linked on a named basis by the study staff. On-site voluntary counselling and testing was offered in rounds 3 and 4. Eligible participants and their children were offered free medical care (but not ART) at temporary clinics, which were better supplied with essential drugs than local dispensaries.
HIV testing was carried out at a regional reference laboratory in Mwanza City. In the first survey venous blood was collected; subsequently dried blood spots from fingerpricks were used. In the first three surveys HIV testing was carried out using Vironostika HIV-MIXT B (Organon, Boxtel, the Netherlands) and Enzygnost HIV-1/HIV-2 (Dade Behring, Marburg, Germany). In the fourth round Uniform 2 (Organon) and Enzygnost HIV-1/HIV-2 (Dade Behring) were used. In all survey rounds samples for which both enzyme-linked immunosorbent assay results were reactive were considered to be HIV positive. Western blot tests were used to discriminate between discrepant results in round 1, in subsequent rounds the two enzyme-linked immunosorbent assay tests were repeated, and if still discrepant the sample was excluded from analysis (27 samples).
All the surveys were given ethical approval by the Medical Research Co-ordinating Committee of the Tanzanian Ministry of Health.
Analytical methods
For analytical purposes, two kinds of individuals are defined as 'seroconverters'. The first group (360 individuals) are those who recorded a negative HIV test followed by a positive test at a later serosurvey. This group includes 56 individuals who missed a serosurvey round between their last negative and first positive test. The second group (46 individuals) are young persons aged 18 years and under when they attended their first serosurvey, who were already HIV positive at that time, and who had been resident in Kisesa ward at the time of the previous survey, but were too young to be eligible to participate in the earlier survey. These young prevalent cases were assumed to have been uninfected at the time of the earlier survey, and their assumed last negative test date was set at the median test date for the subvillage in which they were resident at the time of the earlier survey.
Intervals between serosurveys are much longer (approximately 3 years) than interviews between demographic rounds (approximately 6 months), which would result in pronounced heaping of seroconversion dates by calendar year if seroconversion times were assigned to the midpoint between serosurvey rounds. A multiple imputation technique was therefore used to estimate seroconversion dates and overcome the problem of interval censoring [14, 15] . Seroconverters (and young prevalent cases) were allocated a random date between their last negative test date (or time of previous serosurvey) and their first positive test date, with random numbers drawn in such a way as to produce a uniform distribution of seroconversion dates in each interval for the population as a whole.
Survival analyses were performed using Stata 9 (Stata survival analyses and epidemiological tables; Stata Corp., College Station, Texas, USA). Person-years lived postinfection were computed, and Kaplan-Meier survival functions constructed, allowing for left truncation (time between seroconversion and first positive test) and right censoring (time after exit from study or household interview at demographic round 19) [16] . Seroconverters who left the study area very soon after their first positive test and were no longer resident in a subsequent demographic round were dropped from the analysis (37 individuals) as no follow-up time could be recorded for them. No deaths were reported between the serosurvey and the following demographic round among these excluded individuals.
Demographic round 19 (September 2004 to February 2005) was chosen as the cutoff point for survival analysis as this round was completed shortly before the introduction of a referral scheme for study participants, whereby those who had undergone voluntary counselling and testing and discovered they were infected were offered assessment for ART eligibility at Bugando Medical Centre, the referral hospital in Mwanza city. ART was on offer at this hospital from early 2005, but a search of hospital records showed no Kisesa residents had attended the ART clinic before the initiation of the referral scheme. To investigate trends in HIV-related mortality by calendar year of infection, seroconversions were divided into those occurring before and after testing in the third serosurvey, which lasted from August 1999 to August 2000.
Maximum likelihood regression methods were used to fit Weibull parametric models to all the observed person-year episodes. These regressions were used to investigate the influence of sex and infection age on survival, and to predict median survival times in subpopulations in which follow-up time was too short to estimate median survival directly.
Symbolically, s, the proportion surviving to time t is predicted for each individual using the Weibull function:
where the level parameter, l, can be made to depend on the age and sex covariates, and the shape parameter, f, is the same for all subjects.
To illustrate the pattern of change of mortality risks with time since infection, hazard rates were estimated using a bandwidth of 2 years to smooth the point hazard estimates, and confidence bands were calculated using log transformations.
Comparable survival times for never-infected individuals were calculated based on survival from the first negative test. Uninfected individuals distributed by sex and age at the first negative test were weighted by the distribution of seroconverters by sex and age at infection to produce life tables with a common demographic starting point. Using age-weighted survival probabilities for uninfected individuals, life tables 'net' of mortality unrelated to HIV were constructed for the seroconverters, using standard cause deletion methods [17] .
Results

Numbers included in analyses
Participation rates in the serosurveys ranged from 66 to 75%, with higher attendance rates by women than men and better attendance in the remote rural villages than in the roadside villages. The most common reason for nonattendance was temporary absence from home. At each serosurvey, over 99% of those who attended provided a blood sample for HIV testing. Among age-eligible Kisesa residents who had at least one HIV-negative blood test in one of the first three serosurveys, 39% did not provide a second sample that would have enabled them to be identified as seroconverters, the main reason for not testing again was permanent outmigration from the study site (76%). Among those who remained resident in the ward throughout the entire period of the study, 97% tested on two or more occasions.
In the demographic rounds, in which proxy information was accepted on behalf of those who were temporarily absent, overall loss to follow-up over the 20 rounds among residents aged 15 years and over was 0.9%. Dates of death were unknown or misreported in 6% of cases, and had to be imputed using household interview dates.
A total of 369 seroconverters followed up while resident in the ward were included in the main analysis (184 men and 185 women), providing 890 person-years of follow-up, during which 44 deaths were observed (Table 1) . Infections occurred between 1994 and 2004; the median calendar year for infections was 1999. The mean follow-up time was 4.2 years, and the longest individual follow-up time was 9.9 years; the median follow-up time was 3.8 years, with an interquartile range of 2.6-5.9 years. The mean ages at infection of male and female seroconverters were very close: 30.0 years for men and 29.9 years for women, the peak 5-year age group for seroconversion was 20-24 years for both sexes. The earliest recorded death was 0.6 years after seroconversion, the last death occurred 9.1 years after seroconversion.
Routine follow-up of subjects ceases when they leave the study area, but in demographic round 20, respondents were asked to report the survival status of former household members who were no longer resident in the ward, and the approximate date of death for those outmigrants who died. This extra information increased the number of seroconverters for whom follow-up data were available from 369 to 390, and the number of reported deaths increased from 44 to 52. Follow-up times for outmigrants reported at round 20 were censored at the median interview time for round 19, to ensure that the experience covered by these reports did not overlap with the time during which ART started to become available. The maximum follow-up time was thereby increased from 9.9 to 10.1 years, and person-years of follow-up from 890 to 1050.
Non-parametric survival analysis for total population
Kaplan-Meier survivor functions based on the experience of seroconverters who were followed up while resident in Kisesa (Table 1 , first panel) are compared with the experience of those for whom survival information was available at round 20 (second panel). The confidence limits overlap throughout and there is no systematic difference between the two survivor functions or discernible separation over time. Even with the inclusion of migrants followed up outside the area, there is not enough information to estimate the median survival time directly, as 62% were still alive after 10 years [95% confidence interval (CI) 48-74%].
Of the 369 seroconverters who are the focus of the main analyses, 68 were identified after an interval in which they missed a serosurvey, as a result they have seroconversion intervals ranging from 4 to 8 years. Including these long intervals introduces a large uncertainty with respect to the estimated time of infection, and a possibility of bias if early deaths are missed. The third panel of Table 1 shows the survival function obtained after excluding those with longer seroconversion intervals. Although the confidence intervals overlap, in this case the difference between survival functions is somewhat larger, and the direction of the difference is systematic: the life table that excludes those with long seroconversion intervals has lower survival proportions for up to 6 years after infection. We have kept in the analyses those who had a long seroconversion interval, but we investigate the effect of this factor using parametric and non-parametric approaches.
Among the 46 young prevalent cases, 44 were followed up after their positive test, and are included in the 369 seroconverters in the main analyses. Their estimated ages at seroconversion ranged from 12 to 18 years. No deaths were observed among this group, but their follow-up times were relatively short, with a mean of 3.2 years (range 1.1-7.8). The last panel of Table 1 shows that excluding these young people from the analysis has a small but systematic impact on overall survival, lowering the estimated proportion surviving by one or two percentage points throughout, although the resulting survival function is still well within the confidence intervals of the population used for the main analyses.
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AIDS 2007, Vol 21 (suppl 6) Log rank tests indicate that the length of the seroconversion interval is not significantly associated with survival, (x 2 (1) ¼ 0.65, P ¼ 0.42) even after stratifying by age at infection (stratification is necessary as 69% of those with short seroconversion intervals were infected at young ages compared with only 40% of those with long intervals). With respect to the time of seroconversion, it is only possible to compare survivor functions for 5 years, as those infected after the third serosurvey (approximately from 2000 onwards) do not have the possibility of a longer follow-up. At 5 years post-infection, the proportion surviving among those infected before the third serosurvey was 79% (CI 70-86%), whereas among those infected later, the equivalent proportion was 82% (CI 58-93%), suggesting that those infected later may have slightly lower mortality in the first few years after infection. Again, the log rank test of the survival functions needs to be stratified by age at infection, because the proportions infected at ages below 30 years before and after the third serosurvey are 61 and 51%, respectively. The stratified log rank test suggests that the effect of infection date is not significant, (x 2 (1) ¼ 0.83, P ¼ 0.36).
Stratified analyses and parametric regression
Analytical smoothing of the hazard rates ( Fig. 1a) indicates that the risk of dying increases steadily with the time since infection, at least up to 6 years postinfection. After that, the smoothed hazard curve appears to level off, and eventually there is a downturn; however, the results for 6 plus years are based on only seven deaths observed during 120 person-years of follow-up, which means that confidence limits become too wide at this stage to define the shape with reasonable certainty. The fitted Weibull hazard curve was very close to the smoothed hazard curve for durations less than 6 years, and remained within the 95% confidence limits throughout the range for which data were available.
The same maximum-likelihood fitted Weibull function was used to extend the observed survival curve to predict the median survival time for infected individuals in this population, producing an overall estimate of 11.5 years (95% CI 10.4-12.5; Fig. 1b ). The extended curve implies that 20% of infected individuals would still be alive 20 years after infection; this does not reflect the downturn in mortality hazards apparent in Fig. 1a , as the theoretical Weibull curve implies mortality rates that increase steadily with time from infection. Figure 2a shows the Kaplan-Meier survival curves for seroconverters stratified by sex and age (< 30, 30þ); clearly those infected before age 30 years have much more favourable survival patterns. Log rank tests comparing these survival distributions indicate that the relationship between age at infection and survival is statistically significant (x 2 (1) ¼ 23.7, P < 0.0001 for both sexes), whereas the relationship of survival to sex is much weaker (x 2 (1) ¼ 2.5, P ¼ 0.11) for all ages, although older women may have a slight advantage over older men (x 2 (1) ¼ 3.3, P ¼ 0.07) for those infected at ages 30 years plus.
Parametric regression based on the Weibull function was used to model the impacts of age, sex, time of infection and length of seroconversion interval ( Table 2 ). The crude regression models confirm that age at infection has a dramatic impact on survival, causing the mortality hazard to increase by 6% for each additional year of age. Sex has a marginal effect, with slightly lower mortality rates for women than men, although this does not quite attain statistical significance. The crude effects of the calendar year of infection and interval length are smaller than the effect of sex, and are statistically less significant. After allowing for the effects of sex and age at infection, the time of infection and length of seroconversion interval are unstable and lose statistical significance.
The numerical values of the Weibull parameter estimates are given by: where age (a continuous variable) is the estimated age at infection for the individual, and sex is a categorical variable coded zero for men, one for women. Figure 2b shows how predicted median survival varies with sex and age, based on this regression model. The expected median survival time for those infected at age 15 years is over 15 years, three times as long as the median survival for those infected at ages 60 years and over.
The model predictions can also be used to calculate expected survival patterns in broad age groups, for comparison with directly observed patterns. For all individuals infected before the age of 30 years, predicted median survival is 14.5 years, and the first quartile survival time is 8.6 years. For those infected after the age of 30 years, predicted median survival is 8.5 years, the first quartile is 5.0 years. These predictions are somewhat more favourable than the equivalent measures in the few cases in which these have been directly observed, but whenever 95% confidence limits can be estimated from the data, the model results lie within this range.
Survival patterns among HIV-negative participants can be compared with those of seroconverters, after allowing for their initial age distribution: 91% of uninfected persons survive for 9 years (95% CI 80%-96%) compared to 67% of seroconverters (95% CI 54% to 76%). The crude death rate for seroconvertors is 49 per thousand (95% CI 37 to 67), for negative participants adjusted to the same age distribution as seroconverters it is 11 per thousand (95% CI 9 to 12), giving an age adjusted rate ratio of 4.7 (95% CI 2.7 to 8.1).
Among HIV-negative participants, mortality also increases with age, as older individuals are more likely to suffer from degenerative diseases of old age. We therefore investigated how much of the difference in survival between young and old might be accounted for by non-HIV-related mortality. The 'net' survival functions (survival after removing non-HIV-related mortality) were constructed for those aged under or over 30 years at infection. The results are shown in Fig. 3 . The chi-squared statistic summarizing the difference between the 'net' life tables for seroconverters aged under and over 30 years at the time of infection is 20.0, only marginally lower than the equivalent statistic comparing the 'gross' life tables for young and old seroconverters, 23.7, and still highly significant (P < 0.0001). Clearly, the 
Discussion
From direct observation of deaths occurring to seroconverters in the Kisesa cohort, we found that 67% (95% CI 54-76%) were still alive 9 years after their estimated infection date. This is appreciably higher than the corresponding estimates for the two Ugandan cohorts: Masaka (51%) and Rakai (50%) [8, 9] . At 9 years post-infection, however, only 10 seroconverters remain under observation in Kisesa, so the margin of uncertainty in this estimate is wide, comparing proportions surviving at 5 years postinfection, the results are much closer: Kisesa 81% (95% CI 74-87%); Masaka 80%, Rakai 80%. The observed proportions surviving in Kisesa are fairly close to those observed in a pooled analysis of HIV survival in high income countries [7] before HAART, in which the proportion surviving 5 years was 85% (95% CI 84-86%), and the proportion surviving 9 years was 66% (95% CI 64-68%).
The Kisesa results show the same large impact of age at infection previously noted in high income country studies [7] and confirmed in the pooled analysis of low and middle income country data published in this volume [18] . In crude terms, individuals infected at age 30 years and over experience 4.6 times the mortality hazard of those infected under 30 years; a detailed analysis suggests that the overall hazard increases by approximately 6% for every year of age at infection.
Participation rates in the demographic rounds that are used to ascertain survival are very high: less than 1% of adults ever-resident in the study site were censored because they were lost to follow-up, so it is unlikely that the analysis is biased by the large-scale omission of deaths. As demographic rounds were at most 8 months apart, imputation of dates for the 6% of deaths with unknown or misreported dates would result in a maximum displacement of 4 months from the actual date of death for any individual, the direction of this displacement should be random and is therefore not expected to bias results for the population as a whole.
High mobility rates make it likely that some of those who initially tested negative may have become infected while resident in Kisesa, but moved out of the study area before their infection could be identified by testing in a subsequent serosurvey. This would only affect the estimates of survival post-infection if unidentified seroconverters had different survival patterns from those who remained resident in Kisesa long enough to attend a subsequent serosurvey.
We constructed 'net' survival curves from which non-HIV mortality had been eliminated, to see whether background (non-HIV-related) mortality, which also increases rapidly with age, could be responsible for the difference by age at infection. The adjustments made to derive the 'net' survival curve for those infected before the age of 30 years were much smaller than the corresponding adjustment to the survival curve of those infected over the age of 30 years, but this was not enough to account for the overall mortality difference associated with age at infection, and the 'net' survival function for those infected after the age of 30 years remained significantly steeper than the corresponding curve for those infected before 30 years.
We investigated several factors that could potentially bias our results. Previous research had shown that HIVinfected individuals were highly mobile [19] , so active follow-up of those seroconverters who left Kisesa could potentially lower survival estimates, if those who left were likely to die shortly after leaving the area; this might arise if treatment-seeking was an important reason for leaving the ward. Out-of area follow-up marginally increased estimated survival times, although the effect was not statistically significant. Retrospective reporting (in round 20) of the date of death for those who left was very incomplete, another 44 migrant seroconverters left the study area for whom no survival information was obtained. We concluded that it was better to continue censoring the experience of permanent migrants at the time they finally left the ward.
Our analysis includes 68 seroconverters who have had a long interval (over 3.5 years) between the last negative and the first positive test dates, as a result of not attending all the serosurveys for which they were eligible. This opens up the possibility of bias, as any individual becoming infected and dying within such a long interval would not be included in our analysis, although left truncation should minimize this bias in theory. Excluding seroconverters who missed a survey has no significant impact on our overall survival analysis. As the serosurveys in Kisesa are less frequent than in other studies [6] , we also investigated the effects of long intervals on survival, using a continuous regression on seroconversion interval length, but again, no significant impact was detected.
Exclusion from the analysis of young prevalent cases would have the effect of slightly decreasing survival times.
We have chosen to include these individuals, because without them the age distribution of seroconverters would not reflect the real situation in Kisesa. Including this group implies that 19% of infections occur below the age of 20 years; excluding them would leave only 8% of infections in this age group. We investigated whether these young prevalent cases might have been infected through mother-to-child transmission of the virus rather than sexual transmission, but none were found to have had an HIV-infected mother. The relatively young distribution of age at infection may explain why survival times are longer in Kisesa than in the two Ugandan sites [8, 9] , where the proportion of infections under 20 years is approximately 12%.
If we had used conventional estimates of seroconversion times (halfway between the last negative and the first positive test) the main effect would be to narrow the time range in which deaths were observed to between 1.0 and 8.7 years after seroconversion compared with 0.6-9.1 years when imputed times are used based on the average age, sex and area-specific incidence rates to allow for interval censoring. The narrower age range for deaths increases proportions surviving at shorter durations and decreases proportions surviving at longer durations. The smoothed hazard curve becomes more pronouncedly n-shaped, and therefore less like the Weibull model, the theoretical shape that has been proposed for representing AIDS mortality [4] .
The confidence interval width in Fig. 1a suggests that the downturn in hazard rates at long durations could be an artefact of the small number of individuals with long follow-up duration, but it might also indicate that there are significant frailty effects caused by factors we have not allowed for. Kisesa cohort investigations have not yet included viral typing or human genetic factors that may introduce heterogeneity in mortality responses among infected individuals that might explain the downturn in hazards [20, 21] . A similar levelling off in the annual risks of dying 8 years after seroconversion was reported in a study from the pre-HAART era in high income countries [22] .
The dataset used for this analysis, compiled after the 19th round of demographic follow-up in 2005, represents the last opportunity for studying the natural history of HIV in the Kisesa cohort, because a referral system for ART started shortly afterwards, and by March 2007 more than 100 residents of Kisesa ward had commenced treatment [23] . The current analysis will therefore form an important baseline against which we will be able to judge the success of the ART programme in prolonging the lives of those infected by HIV in this rural part of Tanzania.
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